In an LLO-negative derivative of L. monocytogenes strain 10403S, expression of PC-PLC has to increase before or upon entry into human epithelial cells, compared to expression in broth culture, to allow bacterial escape from primary vacuoles. Using a system for inducible PC-PLC expression in L. monocytogenes, we provide evidence that phospholipase activity can be increased by elevated expression of PC-PLC or Mpl, the enzyme required for proteolytic activation of PC-PLC. Lastly, by using the inducible PC-PLC expression system, we demonstrate that, in the absence of LLO, PC-PLC activity is not only required for lysis of primary vacuoles in human epithelial cells but is also necessary for efficient cell-to-cell spread. We speculate that the additional requirement for PC-PLC activity is for lysis of secondary double-membrane vacuoles formed during cell-to-cell spread.
LLO, L. monocytogenes secretes two phospholipases C (PLCs), PI-PLC and PC-PLC, encoded by plcA and plcB, respectively (7, 29, 34, 55) . Using L. monocytogenes mutants to infect mouse-derived cell lines, it has been shown that PI-PLC and PC-PLC act synergistically to assist LLO in lysing primary and secondary vacuoles, respectively (17, 53) . Interestingly, the absolute requirement of LLO for vacuolar lysis depends on the cell type and species of origin. Previous studies have shown that L. monocytogenes can access the host cell cytosol in the absence of LLO during infection of the human-derived fibroblast cell line WS1, the human-derived epithelial cell line Henle 407, and human-derived dendritic cells (42, 44) . Recently, the epithelial cell lines HEp-2 and HeLa have also been identified as human-derived host cells in which LLO is not required for lysis of L. monocytogenes-containing primary vacuoles (24, 40) . Prior studies have shown that PC-PLC mediates LLO-independent escape from primary vacuoles in Henle 407 cells (31) . PC-PLC is a broad-range PLC that is secreted as an inactive 33-kDa proenzyme and cleaved to an enzymatically active 29-kDa form by the L. monocytogenes secreted metalloprotease Mpl (12, 18, 36, 45, 46) . Alternatively, within host cells PC-PLC can be activated by a host-derived vacuolar cysteine protease (32) .
Most of the genes required for the intracellular lifestyle of L. monocytogenes, including hly, plcA, and plcB, are clustered within an ϳ10-kb region on the bacterial chromosome (43, 56) . The plcB gene is cotranscribed with the actA gene, which encodes a bacterial surface protein required for actin-based motility within the host cell cytosol (12, 27, 55) . The expression of all virulence genes described above is coordinately regulated by the transcriptional activator PrfA (9, 30, 35) . In general, expression of PrfA-regulated genes is low when bacteria are grown in broth culture (48) . However, L. monocytogenes strains that synthesize a mutant form of PrfA (PrfA*) maintain constitutive overexpression of PrfA-regulated genes in broth culture (47, 48, 58) . Nonetheless, an increase in PrfA-regulated gene expression is seen when bacteria are grown in medium treated with activated charcoal or in tissue culture medium or upon infection of host cells (15, 38, 48, 50) . However, the extent and timing of the PrfA-mediated increase in gene expression varies for individual virulence genes (3, 6, 38, 49) . For example, during intracellular infection of the mouse macrophage-like cell line J774, transcription from the PrfA-regulated hly gene promoter is induced ϳ20-fold, whereas the actA-plcB promoter is induced ϳ200-fold in the cytosol compared to growth in broth culture (38) . However, most virulence gene expression studies have been performed with mouse-derived cell lines, and thus differences in PrfA-regulated virulence gene expression may occur during infection of host cells derived from other species (6) .
We sought to determine the requirement of PC-PLC throughout intracellular infection of human-derived cells in the absence of LLO. Since the majority of studies leading to our current understanding of the roles of LLO and PC-PLC during intracellular infection have been based on mouse models of infection, the requirement of PC-PLC for optimal intracellular growth and cell-to-cell spread during infection of human cells may have been underestimated. To address these questions, we have removed transcriptional control of plcB from its native PrfA-dependent promoter and placed transcription of plcB under an inducible control mechanism. This system allowed for regulated expression of PC-PLC when bacteria were grown in broth culture or during infection of host cells. Using L. monocytogenes strains that expressed various amounts of PC-PLC, we found that in the absence of LLO the amount of PC-PLC activity is critical for the efficiency of lysis of primary vacuoles in human-derived epithelial cells. Our results indicated that, in an LLO-negative derivative of L. monocytogenes strain 10403S, expression of PC-PLC from its native promoter has to increase compared to expression in broth culture to allow bacterial escape from primary vacuoles. Furthermore, by shutting off PC-PLC expression after LLO-negative bacteria have entered the host cell cytosol, we show that after escape from primary vacuoles, PC-PLC activity is required for facilitating cell-to-cell spread during infection of human epithelial cells.
MATERIALS AND METHODS
Bacterial and eukaryotic cell growth conditions. The bacterial strains used in the present study are listed in Table 1 . L. monocytogenes strains were grown in brain heart infusion (BHI) medium (Difco, Detroit, Mich.). Escherichia coli strains were grown in Luria-Bertani (LB) medium at 37°C with shaking. All bacterial strains were stored at Ϫ80°C in BHI or LB medium with 40% glycerol. Antibiotics were used at the following concentrations: ampicillin at 100 g/ml; chloramphenicol at 20 g/ml for selection of pAM401 derivatives and pPL2 derivatives in E. coli, at 10 g/ml for selection of pAM401 derivatives in L. monocytogenes, and at 7.5 g/ml for selection of integrated pPL2 derivatives in L. monocytogenes; kanamycin at 30 g/ml; streptomycin at 200 g/ml; and nalidixic acid at 40 g/ml. Host cells were infected in the absence of antibiotic selection.
The human-derived epithelial cell lines Henle 407 (American Type Culture Collection [ATCC] CCL-6), HeLa (ATCC CCL-2), and HEp-2 (ATCC CCL-23) were propagated in RPMI 1640 L-glutamine medium (Mediatech, Herndon, Va.) supplemented with 10% FBS (HyClone, Logan, Utah), 55 M 2-mercaptoethanol, 1 mM sodium pyruvate, and 2 mM glutamine. Tissue culture cells were maintained at 37°C in a 5% CO 2 -air atmosphere.
Plasmid and strain construction. PFU polymerase (Stratagene, La Jolla, Calif.) was used for PCRs when DNA fragments were subsequently used for plasmid construction. All other enzymes were purchased from New England Biolabs (Beverly, Mass.) and used according to the manufacturer's instructions. Plasmids with plcB-containing inserts were initially cloned in E. coli CLG190, with the exception of plasmids pAMspac-plcB and pAMiplcB, which were cloned in E. coli CLG190 containing plasmid pTrc99A as an additional source of the Lac repressor protein. E. coli strain XL1-Blue was used as a cloning strain for all other plasmid ligations.
Construction of SLCC-5764-derived strains containing in-frame deletions in hly or hly plus plcB. The primer pair For_1kb_hly (XbaI) CCTCTAGACGGG GAAGTCCATGATTAGTATGCC and Rev_1kb_hly (EcoRI) TGGAATTCG CAATCGGTTGGCTCCTTTACCAAGCG and chromosomal DNA of strain DP-L2161 were used to amplify by PCR the hly gene containing an in-frame deletion. Relevant restriction sites in primer sequences are underlined in the text. The resulting PCR product was cut with the restriction enzymes XbaI and EcoRI and ligated with the allelic exchange vector pCON1 (14) , which had been cut with the same enzymes. The resulting plasmid was named pCON1⌬hly and used to create strain DH-L377 (SLCC-5764 ⌬hly). Allelic exchange was performed essentially as previously described (8); however, a chloramphenicol concentration of 5 g/ml was used to select for plasmid integration. The allelic exchange vector pDP1888 (53) , containing a large in-frame deletion in plcB, was used for allelic exchange in strain DH-L377 to create strain DH-L419 (SLCC-5764 ⌬hly ⌬plcB), containing in-frame deletions in hly and plcB.
Construction of L. monocytogenes strains for single-copy inducible expression of LLO and PC-PLC. Chromosomal DNA of strain DP-L3078 containing a large in-frame deletion in actA was used as a template to amplify by PCR the plcB gene, lacking the actA-plcB promoter, with the primer pair 5ЈactA (XbaI) GCT CTAGAAACGGAATAATTAGTG and 3ЈplcB (XbaI) CGTCTAGAGCTAAC GAGTGGATAAGAATGTATTCCT. The resulting PCR product was cut with XbaI and ligated with the inducible expression vector pLIV1 (11) , which was linearized with XbaI. The correct orientation of the insert, in which transcription of plcB was placed under inducible SPAC/lacOid promoter/operator control, was determined by PCR. The resulting vector for inducible expression of PC-PLC was named pLIV1-plcB. Next, pLIV1-plcB was cut with KpnI, and the KpnI fragment harboring the inducible expression cassette was cloned into the unique KpnI site of the site-specific integration vector pPL2 (28) . The plasmid, in which inducible plcB (i-plcB) was transcribed in the same direction as the gram-negative and gram-positive cat genes of pPL2, was named pPL2-i-plcB and was used for further analysis after verification of the correct promoter and plcB gene sequence by automated fluorescence sequencing. Site-specific integration was performed as described previously (28) with plasmid pPL2-i-plcB and strain DP-L2318 (10403S ⌬hly ⌬plcB). The resulting strain yielding single-copy inducible expression of PC-PLC was named DH-L718 (10403S ⌬hly ⌬plcB i-plcB). Strain DH-L699 (SLCC-5764 ⌬hly ⌬plcB i-plcB) was constructed by integrating pPL2-i-plcB into the chromosome of strain DH-L419 (SLCC-5764 ⌬hly ⌬plcB), followed by selection on BHI plates containing 40 g of nalidixic acid and 7.5 g of chloramphenicol/ml. Strain DH-L858 (SLCC-5764 ⌬hly i-hly) was constructed by integrating the previously described pPL2-derived vector pDH618 (11) containing the inducible LLO expression cassette into the tRNA Arg gene of strain DH-L377 (SLCC-5764 ⌬hly).
Construction of plasmid pAMiplcB for multicopy inducible expression of PC-PLC in L. monocytogenes. Initially, the SPAC/lacOid promoter/operator region of plasmid pLIV1 (11) was cloned into the multicopy E. coli-L. monocytogenes shuttle vector pAM401 (60) . The primer pair 5Ј-EcoRV-spac AAGATAT CCTAACAGCACAAGAGCGGAAAG and 3Ј-XbaI dam Ϫ pLIV1 ACTTTAG GTCGACTCTAGAACACCTCCTTAAGC was used to amplify the SPAC/ lacOid promoter region from plasmid pLIV1. The resulting PCR product was cut with EcoRV and XbaI and cloned into pAM401, which had been cut with the same enzymes. The resulting plasmid was named pAMspacOid. Next, chromosomal DNA of strain DP-L3078 containing a large in-frame deletion in actA and the primer pair 5Ј actA (XbaI) GCTCTAGAAACGGAATAATTAGTG and 3Ј plcB (XbaI) CGTCTAGAGCTAACGAGTGGATAAGAATGTATTCCT were used to amplify the plcB gene lacking the actA-plcB promoter. The resulting PCR product was cut with XbaI and ligated with the XbaI-linearized plasmid pAMspacOid. Orientation of inserts was determined by PCR analysis and a plasmid in which plcB was orientated to place transcription under SPAC/lacOid 6296 GRÜ NDLING ET AL. J. BACTERIOL.
promoter control was named pAMspac-plcB. For construction of the inducible pAMiplcB plasmid vector, the E. coli lacI gene was initially cloned under SPO-1 promoter control into plasmid pPL2-SPO-1. The 5Ј phosphorylated primer pair 5ЈSacI spac (Ϫ40-ϩ1) EagI P-CAATTTTGCAAAAAGTTGTTGACTTTATC TACAAGGTGTGGCATAATGTGTGGC and 3ЈSacI spac (Ϫ40-ϩ1) EagI P-GGCCGCCACACATTATGCCACACCTTGTAGATAAAGTCAACAACTT TTTGCAAAATTGAGCT containing the SPO-1 promoter sequence was hybridized and ligated with vector pPL2, which had been cut with SacI and EagI. The resulting plasmid was named pPL2-SPO-1. Next, the lacI gene was amplified from plasmid pLIV1 with the primer pair 5ЈPstI-lacI AACTGCAGATTCAAA CGGAGGGAGACGATTTTGATG and 3Ј SalI-lacI ACGCGTCGACCGCTC ACTGCCCGCTTTCCAGTCGGG. The PCR product was cut with PstI and SalI and ligated with the plasmid pPL2-SPO-1, which had been cut with the same enzymes. The resulting plasmid was named pPL2-SPO-1-lacI. Plasmid pPL2-SPO-1-lacI was used as a template to amplify the SPO-1-lacI fragment with the primer pair 5ЈSphI-spac ACATGCATGCTGGAGCTCAATTTTGCAAAAAGT TGTTGAC and 3ЈNruI-lacI ACGCTCGCGACGCTCACTGCCCGCTTTCCA GTCGGG. The PCR product was digested with NruI and SphI and ligated with the plasmid pAMspac-plcB, which had been cut with the same enzymes. Correct promoter and plcB sequence was confirmed by automated fluorescence sequencing, and the resulting plasmid was named pAMiplcB. L. monocytogenes strains DP-L2318 (10403S ⌬hly ⌬plcB) and DH-L419 (SLCC-5764 ⌬hly ⌬plcB) were transformed by electroporation (41) with plasmid pAMiplcB, resulting in strains DH-L824 and DH-L735, respectively. Hemolytic activity assay. L. monocytogenes overnight cultures were diluted 1:10 into fresh BHI medium, which was supplemented with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for strains containing the inducible LLO expression cassette, and then grown 5 h at 37°C with shaking. Hemolytic activities were determined as previously described (11, 44) . Hemolytic units were defined as the reciprocal of the culture supernatant dilution that yielded 50% lysis of sheep red blood cells.
PC-PLC activity assay. L. monocytogenes strains were grown overnight in 2 to 3 ml of BHI medium, diluted 1:10 into fresh BHI medium with or without IPTG at the indicated concentration, and grown for 5 h at 37°C with shaking. The optical densities at 600 nm were determined to confirm that cultures had reached similar densities. Proteins from culture supernatants were precipitated on ice in the presence of 10% trichloroacetic acid (TCA), resuspended in 1% of the original volume in 1ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing 0.2 N NaOH, and separated on 10% SDS-PAGE gels. PC-PLC activities were detected as previously described by using an egg yolk overlay of SDS-PAGE gels, and activities were seen as zones of opacity (26, 32 Dilutions of the bacterial culture were plated on BHI plates to determine the CFU per milliliter of culture. In addition, 2 ml of culture was collected by centrifugation, washed once with phosphate-buffered saline (PBS) buffer, resuspended in 10 ml of RPMI 10% FBS tissue culture medium, and incubated for 2 h at 37°C in a 5% CO 2 -air atmosphere. After this incubation, samples were removed to determine the CFU per milliliter and then prepared and frozen for the determination of GUS activity values as described above. GUS activities were determined as previously described (61) with some modifications. Bacterial pellets were thawed and adjusted to 10 8 bacteria per 50 l of ABT buffer for BHI grown bacteria and to 10 7 bacteria per 50 l of ABT buffer for RPMI-grown bacteria and then mixed with 10 l of 4-methylumbilliferyl-␤-D-glucuronide at a concentration of 0.4 mg/ml. Samples were incubated at room temperature for 80 min. After this incubation, 4 l were removed and diluted into 196 l of ABT assay buffer, and fluorescence values were determined by using a SpectraMAX GeminiXS instrument (Molecular Devices) at excitation and emission wavelengths of 366 and 445 nm, respectively. Known concentrations of the fluorescent 4-methylumbelliferone product ranging from 15.6 to 4000 nM were used to obtain a standard curve. GUS activities are given in picomoles of product formed per minute per 10 6 bacteria. Means and standard deviations of four independently grown cultures were determined.
Intracellular growth assay in human epithelial cells. A total of 1.5 ϫ 10 6 to 2.0 ϫ 10 6 host cells were seeded 1 day prior to infection in 60-mm-diameter culture dishes containing 12-mm-diameter round glass coverslips. Before seeding HeLa and HEp-2 cells, coverslips were treated for 1 h at room temperature with 6 ml of 0.02 N acetic acid containing 10 g of rat tail collagen (BD Biosciences, Bedford, Mass.)/ml. L. monocytogenes strains were grown overnight in 2 to 3 ml of BHI medium at 30°C without shaking. L. monocytogenes overnight cultures grown under these conditions contained ϳ2 ϫ 10 9 bacteria/ml. Bacterial cultures were washed once with PBS (pH 7.1) and used to infect monolayers of host cells at a multiplicity of infection (MOI) of 50:1 (bacterium/host cell ratio) or of 67:1 in RPMI-10% FBS medium. Alternatively, bacterial overnight cultures were diluted 1:10 into fresh BHI medium containing IPTG at the indicated concentration and grown for 2 h at 37°C with shaking. Dilutions of these mid-log-phase cultures were plated on BHI plates, and it was determined that an optical density at 600 nm of 0.4 corresponds to ϳ5 ϫ 10 8 bacteria/ml. Aliquots of these midlog-phase cultures corresponding to ϳ5 ϫ 10 8 bacteria were centrifuged for 5 min at 16,000 ϫ g, and the bacterial pellets were resuspended in 100 l of PBS. These bacterial suspensions were used to infect host cell monolayers at the indicated MOI. At 1 h after infection, monolayers were washed three times with PBS buffer, and RPMI-10% FBS medium containing 50 g of gentamicin/ml was added. The numbers of CFU per coverslip were determined at the time points indicated in each figure by placing coverslips, in triplicate, into 15-ml conical tubes containing 5 ml of sterile water and then vortexing and plating appropriate dilutions onto LB agar plates.
Plaquing assay in Henle 407 cells. At 1 day prior to infection, 1.2 ϫ 10 6 to 1.5 ϫ 10 6 Henle 407 cells were seeded in each well of six-well dishes. L. monocytogenes overnight cultures were diluted 1:10 into fresh BHI medium with or without 1 mM IPTG and then grown for 2 h at 37°C with shaking. Approximately 5 ϫ 10 8 bacteria were centrifuged for 5 min at 16,000 ϫ g, and bacterial pellets were resuspended in 100 l of PBS. Then, 2 l of a 1:50 dilution was used to infect monolayers of Henle 407 cells in 3 ml of RPMI-10% FBS (heat-inactivated and dialyzed) medium with or without 0.01, 0.1, or 1 mM IPTG. At 1 h after infection, monolayers were washed twice with cold PBS and then overlaid with an agarose-medium mixture containing 0.7% agarose, 1ϫ Dulbecco modified Eagle medium, 5% FBS (heat inactivated and dialyzed), 10 g of gentamicin/ml, and IPTG at the concentrations described above. At 4 days after infection, a second agarose-medium overlay was applied that contained 187 g of neutral red/ml, 10 g of gentamicin/ml, and IPTG at the concentrations described above in 1ϫ Dulbecco modified Eagle medium. The following day, plates were scanned to digital images, and the diameters of 15 plaques per well were determined by using Adobe Photoshop 6.0 software.
Vacuolar lysis assay. One day prior to infection, 5 ϫ 10 5 Henle 407 cells were seeded onto 18-mm-square glass coverslips placed in the wells of a six-well dish. L. monocytogenes strains were grown for 2 h in BHI in the absence or presence of 1 or 10 mM IPTG and then prepared for infections as described for the plaquing assays. Henle 407 cells were infected at an MOI of 100:1 in the absence or presence of 1 or 10 mM IPTG. At 1 h after infection, host cells were washed three times with PBS, and RPMI-10% FBS medium containing 50 g of gentamicin/ml was added. At 2 h after infection, monolayers were washed three times with PBS and then fixed in PBS containing 3.2% paraformaldehyde. The percentage of bacteria that had escaped from primary vacuoles and were surrounded with actin filaments was determined by immunofluorescence staining as described previously (25) . Next, 50 to 150 bacteria were analyzed for each sample, and the percent vacuolar lysis was calculated by dividing the number of cytosolic bacteria by the total number of bacteria analyzed per sample and multiplying that value by 100.
Homologous Henle 407 to Henle 407 cell-to-cell spreading assay. A total of 1.5 ϫ 10 6 Henle 407 cells were seeded in 60-mm-diameter dishes as primary cells or seeded in wells of six-well plates with or without 18-mm-square coverslips as secondary cells for immunofluorescence and plaquing analysis, respectively. Strain DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) was grown for 2 h at 37°C with or without 1 mM IPTG and prepared for infections as described for plaquing assays. Primary Henle 407 cells were infected at an MOI of 200:1 with or without 1 mM IPTG in RPMI-10% FBS (heat-inactivated and dialyzed) medium. At 1 h after infection, monolayers were washed three times with PBS, and serum-free RPMI medium containing 50 g of gentamicin and 2 g of Cell Tracker Blue (Molecular Probes, Eugene, Oreg.)/ml was added to differentially label primary cells. At 1.5 h after infection, monolayers were washed three times with PBS to remove excess CellTracker, and serum-containing medium supplemented with 50 g of gentamicin/ml was added. At 2 h postinfection, host cells were removed from dishes and counted, and 1,000 Henle 407 cells (primary CellTracker Blue-labeled cells) were placed in duplicate on monolayers of uninfected Henle 407 cells (secondary unlabeled cells) in the presence of 1 mM IPTG. Alternatively, 5,000 primary Henle 407 cells were placed in duplicate on monolayers of secondary Henle 407 cells in the absence of IPTG. To determine the number of primary Henle 407 cells that initially contained bacteria in the cytosol, secondary monolayers, which had been seeded on coverslips, were fixed 8 h after the primary infected Henle 407 cells were places onto the secondary monolayer. Fixed samples were prepared for immunofluorescence microscopy as described for vacuolar lysis assays, and the numbers of primary infected host cells (CellTracker Blue labeled) containing bacteria surrounded with actin filaments, and therefore in the cytosol, were determined by visually scanning the 18-mmsquare coverslip. For plaquing assays, secondary monolayers were overlaid 2 h after primary infected cells were placed onto secondary cell monolayers with an agarose-medium mixture (see plaquing assay) containing 10 g of gentamicin/ml with or without 1 mM IPTG. At 4 days after infection, a second agarose-medium overlay containing 187 g of neutral red/ml and 10 g of gentamicin/ml with or without 1 mM IPTG was added. Images of plaques were obtained after overnight incubation.
Henle 407 cell infection for 24 h. A total of 10 6 Henle 407 cells were seeded into each well of a six-well dish containing an 18-mm-square coverslip. Strain DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) was grown for 2 h in BHI medium containing 1 mM IPTG and then prepared for infections as described for the plaquing assays. Henle 407 cells were infected at MOIs of 1:1 or 100:1 in the presence or absence of 1 mM IPTG, respectively. After 1 h of infection, monolayers were washed three times with PBS, and RPMI-10% FBS medium with or without 1 mM IPTG containing 30 g of gentamicin/ml was added. At 24 h after infection, coverslips were removed, stained with Diff-Quik (DADE-Behring), and analyzed by light microscopy.
Nucleotide sequence accession numbers. The DNA sequence of the prfA* allele of strain SLCC-5764 was determined by automated fluorescence sequencing at the Dana-Farber-Harvard Cancer Center High-Throughput DNA Sequencing Facility and deposited in the EMBL/GenBank/DDBJ databases under accession number AY318750.
RESULTS
In the absence of LLO, PC-PLC is required for vacuolar lysis in HEp-2 and HeLa cells. During infection of the humanderived epithelial cell line Henle 407, PC-PLC promotes lysis of primary vacuoles in the absence of LLO (31) . Previous studies have shown that LLO-negative L. monocytogenes strains can also escape from primary vacuoles in the humanderived epithelial cell lines HEp-2 and HeLa (24, 40) . However, an L. monocytogenes strain with deletions of LLO and both phospholipases, PI-PLC and PC-PLC, fails to escape from the primary vacuole in these cells (24, 40) . Here, we set out to determine whether PC-PLC is specifically required for lysis of HeLa and Hep-2 cell primary vacuoles in the absence of LLO. We performed intracellular growth assays (gentamicin protection assays) in HEp-2 and HeLa cells with the wild-type L. monocytogenes strain 10403S and the isogenic LLO-negative (DP-L2161) or LLO-, PC-PLC-negative (DP-L2318) strains. Only bacteria that are able to lyse primary vacuoles and access the cytosol can grow within the host cell, leading to an increase in the number of intracellular gentamicin-protected bacteria. As expected, the LLO-negative strain was able to escape from primary vacuoles and grow within the host cell cytosol of both HEp-2 and HeLa cell lines (Fig. 1A and B) . However, an LLO-, PC-PLC-negative L. monocytogenes strain was unable to grow within HEp-2 or HeLa cells. This indicated that in the absence of LLO, PC-PLC is required for lysis of primary vacuoles of HEp-2 and HeLa cells (Fig. 1A and B) , and it therefore may be a general phenomenon that PC-PLC can promote vacuolar lysis in human epithelial cells. Interestingly, we observed a delay in the initiation of intracellular growth when HeLa cells were infected with the LLO-negative DP-L2161 strain. An increase in the number of intracellular bacteria was not detected until after 5 h postinfection. This lag in the initiation of intracellular growth was not seen with an LLO-negative derivative of L. monocytogenes strain SLCC-5764 (Fig.  1C) , which contains the prfA* allele, resulting in increased expression of PrfA-regulated virulence genes in broth culture (47, 48, 58) . As shown in Fig. 1D , a drastic increase in PC-PLC activity was detected in culture supernatants of strain DH-L377 (PrfA*) compared to strain DH-L2161 (PrfA). This increase in PC-PLC activity correlated with an increase in PC-PLC protein level as detected by Western blotting (data not shown). This result suggested that the efficiency of primary vacuolar lysis is dependent on PC-PLC activity levels.
SPAC/lacOid-regulated gene expression is neither PrfA nor background strain dependent. In addition to lysis of the primary vacuole in the absence of LLO, we sought to determine the requirement of PC-PLC for the intracellular growth and spread of L. monocytogenes during infection of human epithelial cells. We have recently developed an inducible expression system for determining the temporal requirement of virulence factors during intracellular infection by L. monocytogenes (11) . The inducible expression system allows transcription of a virulence gene to be removed from the normal bacterial control mechanism and placed under the control of an IPTG-inducible promoter, yielding IPTG dose-dependent expression of virulence genes during intracellular infection. Using this system, the inducible virulence gene is placed in an ectopic location on the chromosome within a L. monocytogenes strain containing an in-frame deletion of the native virulence gene. In a previous study, transcription of hly was removed from the native PrfAdependent control and placed under control of the inducible SPAC/lacOid promoter/operator within the tRNA Arg locus (11) . To confirm that expression of L. monocytogenes virulence genes controlled by SPAC/lacOid within the tRNA Arg locus is indeed PrfA and background strain independent, we compared LLO expression resulting from native and SPAC/lacOid promoter control in L. monocytogenes strains 10403S (PrfA) and SLCC-5764 (PrfA*). As previously mentioned, SLCC-5764 contains a mutation within prfA, leading to increased expression of PrfA-regulated virulence genes in broth culture. LLO expression can be easily detected by measuring the hemolytic activity of culture supernatants by means of a sheep red blood cell lysis assay (44) . Furthermore, hemolytic activity has been shown to strictly correlate with LLO protein levels as determined by Western blot analysis (11) . As previously reported, similar hemolytic activities were observed in culture supernatants of 10403S strains in which LLO was expressed from the native hly promoter or the inducible SPAC/lacOid promoter in the presence of 1 mM IPTG (Fig. 2A, compare 10403S and DH-L616). An ϳ10-fold-higher hemolytic activity was observed when LLO was expressed from the native PrfA*-activated hly promoter in SLCC-5764 compared to the native PrfA-activated hly promoter in 10403S or to the inducible Fig. 2A , compare SLCC-5764 to 10403S and DH-L616). However, similar hemolytic activities were obtained when LLO was expressed from the inducible SPAC/lacOid promoter in the 10403S (PrfA) or SLCC-5764 (PrfA*) strains ( Fig. 2A , compare DH-L616 and DH-L858), indicating that LLO expression from the inducible promoter is indeed PrfA and background strain independent. Inducible PC-PLC expression in strains 10403S (PrfA) and SLCC-5764 (PrfA*). To determine the requirement of PC-PLC for the intracellular growth and spread of L. monocytogenes during infection of human epithelial cells, we placed the transcription of plcB under control of the SPAC/lacOid promoter on the chromosome of LLO-, PC-PLC-negative L. monocytogenes strains. In both 10403S (PrfA) and SLCC-5764 (PrfA*) background strains, IPTG-dependent PC-PLC activities were detected by using the inducible expression system (Fig. 2B) . The inducible PC-PLC activity obtained from the SPAC/lacOid promoter in the 10403S background was similar to that observed when plcB was transcribed from the native PrfA-dependent promoter in 10403S (Fig. 2B , compare lanes 5 and 7). Significantly higher PC-PLC activity (ϳ25-fold) was detected when plcB was transcribed from the native PrfA* activated promoter than from the inducible SPAC/lacOid promoter in the SLCC-5764 background strain (Fig. 2B , compare lanes 1 and 3; note that 25-fold-less protein was loaded in lane 1). However, despite detecting similar levels of plcB specific transcripts (data not shown), significantly higher PC-PLC activity was detected when plcB was transcribed from the inducible SPAC/lacOid promoter in the SLCC-5764 (PrfA*) background than in the 10403S (PrfA) background (Fig. 2B,  compare lanes 3 and 7) . We reasoned that this increase in PC-PLC activity was due to PrfA-dependent posttranscriptional regulation, most likely at the level of proteolytic activation of proPC-PLC by Mpl. Indeed, we detected significantly higher amounts of Mpl protein in the supernatants of SLCC-5764-derived strains compared to those of 10403S-derived strains (data not shown). Taken together, our results suggested 
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that the amount or activity of Mpl (or other PrfA-regulated gene products) limits PC-PLC activity in strain 10403S when grown in broth culture.
Single-gene-copy, inducible PC-PLC expression does not allow complementation of PC-PLC activity within host cells.
We initially confirmed that PC-PLC activity could be complemented during infection of human epithelial cells when PC-PLC is expressed from its native promoter from the tRNA Arg locus (data not shown). Next, we determined whether inducible PC-PLC expression would allow complementation of PC-PLC activity during infection of host cells. Monolayers of Henle 407 cells were infected with the DH-L699 (SLCC-5764 ⌬hly ⌬plcB i-plcB) strain, and intracellular complementation of PC-PLC activity was measured based on the ability of bacteria to escape the primary vacuole and replicate within host cells in the presence of IPTG. As shown in Fig. 2C , only minimal intracellular growth of DH-L699 bacteria was seen during infection in the presence of 10 mM IPTG. To determine whether the failure to grow within Henle 407 cells resulted from an inability to escape from primary vacuoles, we determined the number of bacteria that had escaped from primary vacuoles by using immunofluorescence microscopy (for experimental details, see Materials and Methods; see also reference 25). By 2 h postinfection, 72% (36 of 50 bacteria analyzed) of DH-L377 (SLCC-5764 ⌬hly) had escaped the primary vacuole. However, no DH-L699 (SLCC-5764 ⌬hly ⌬plcB i-plcB) bacteria had escaped the primary vacuole in the presence or absence of 10 mM IPTG (0 of 50 bacteria analyzed) by 2 h postinfection. Nonetheless, the slight increase in the number of intracellular DH-L699 bacteria observed in the intracellular growth curve (Fig. 2C) suggested that, in the presence of IPTG, a few bacteria had escaped from the primary vacuole and reached the host cell cytosol over the 9-h infection period.
Intracellular infections with strain DH-L718 (10403S ⌬hly ⌬plcB i-plcB) yielded similar results as described for strain DH-L699 (SLCC-5764 ⌬hly ⌬plcB i-plcB). In the absence or presence of IPTG, DH-L718 bacteria were unable to escape the primary vacuole or replicate within Henle 407 cells (data not shown). As shown in Fig. 2B , we detected nearly identical PC-PLC activities during growth in broth culture when plcB was transcribed from the native PrfA-regulated promoter or the inducible promoter in the 10403S background (Fig. 2B,  compare lanes 5 and 7) . Therefore, the inability of DH-L718 bacteria to escape from vacuoles and grow within Henle 407 cells suggested that in strain 10403S the expression of PC-PLC must increase compared to the expression in broth culture to allow bacterial escape from Henle 407 cell primary vacuoles in the absence of LLO. Indeed, using the 10403S-derived L. monocytogenes strain NF-L476, which contains the gus reporter gene under transcriptional control of the actA-plcB promoter, we detected an approximately 20-fold increase in glucuronidase (GUS) activity when bacteria were shifted from BHI medium to the RPMI tissue culture medium used for host cell infections. Strain NF-L476 produced 0.11 Ϯ 0.03 pmol of product per min per 10 6 bacteria in BHI medium compared to 2.42 Ϯ 0.85 pmol of product per min per 10 6 bacteria when shifted to RPMI medium for 2 h (for experimental details, see Materials and Methods). This result was consistent with previously described measurements of transcript levels and enzyme activity values using reporter gene fusions (4, 6, 50) and indicated that the native PrfA-regulated actA-plcB promoter responds to environmental changes prior to host cell entry or entry into the cytosol.
Inducible PC-PLC expression from a multicopy plasmid vector. To allow bacterial escape from primary vacuoles in human epithelial cells in the absence of LLO, we found that relatively high amounts of active PC-PLC are required. To achieve high-level inducible PC-PLC expression, we placed transcription of plcB under the control of the inducible SPAC/ lacOid promoter on the multicopy plasmid pAM401, resulting in plasmid pAMiplcB (Fig. 3A) . Initially, we transformed LLO-, PC-PLC-negative derivatives of strains 10403S and SLCC-5764 with plasmid pAMiplcB and analyzed inducible PC-PLC expression when bacteria were grown in broth culture. We found that expression of PC-PLC was tightly controlled by the presence or absence of IPTG and was IPTG dose dependent as determined by PC-PLC activity assays (Fig. 3B) . Using the multicopy inducible PC-PLC strain DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB), we obtained PC-PLC activity at an IPTG concentration of 0.01 mM that was similar to the PC-PLC activity observed from the induced (1 mM IPTG) singlecopy inducible PC-PLC strain DH-L699 (SLCC-5764 ⌬hly ⌬plcB i-plcB) (data not shown). When induced with 1 mM IPTG, DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) yielded PC-PLC activity that was slightly lower but comparable to the PC-PLC activity detected from strain DH-L683 (SLCC-5764 ⌬hly, pAMspacOid), in which plcB was transcribed from the native PrfA*-regulated promoter (Fig. 3B, compare upperpanel lanes 1 and 10) . In strain DH-L824 (10403S ⌬hly ⌬plcB, pAMiplcB) we obtained PC-PLC activity at an IPTG concentration of 0.01 mM that was similar to the PC-PLC activity observed from DH-L728 (10403S ⌬hly, pAMspacOid), in which plcB was transcribed from the native PrfA-activated promoter (Fig. 3B, compare lower-panel lanes 1 and 4) . However, the PC-PLC activity from DH-L824 increased to levels significantly higher than those obtained from DH-L728 as IPTG concentrations were increased over a range of 0.02 to 1.0 mM IPTG (Fig. 3B , compare lower-panel lane 1 to lanes 5 to 10).
Furthermore, strains DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) and DH-L824 (10403S ⌬hly ⌬plcB, pAMiplcB) containing the multicopy inducible PC-PLC expression vector were both able to grow in an IPTG-dependent manner in Henle 407 cells. The observed growth rates were similar to L. monocytogenes strains in which plcB was transcribed from its native PrfA* or PrfA-regulated promoter (Fig. 4) . Using vacuolar lysis assays, we found that 2 h postinfection of Henle 407 cells 58% of DH-L728 (10403S ⌬hly, pAMspacOid) bacteria had escaped the primary vacuole. Moreover, 41% of DH-L824 (10403S ⌬hly ⌬plcB, pAMiplcB) bacteria grown in the presence of 1 mM IPTG had reached the host cell cytosol at 2 h postinfection. Therefore, upon induction of PC-PLC expression from the multicopy plasmid at 1 mM IPTG, similar but less efficient escape from primary vacuoles of Henle 407 cells was observed with strain DH-L824 in comparison to 10403S bacteria that expressed PC-PLC under native PrfA-regulated control. This observation suggested that strain 10403S produced an increase in PC-PLC activity derived from the native PrfA-regulated promoter that resulted in PC-PLC activity at least as high as that produced from the fully induced SPAC/lacOid promoter VOL. 185, 2003 ROLE
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on the multicopy plasmid (Fig. 3B , lower panel, compare lanes 1 and 10). However, it should be kept in mind that the plasmid copy number might vary per bacterium, and therefore PC-PLC activity detected in BHI broth on a population level might not completely reflect PC-PLC activities per bacterium during infection, a parameter that is important for vacuolar lysis. PC-PLC activity in the absence of LLO is required for cellto-cell spread during infection of Henle 407 cells. Using the tightly regulated PC-PLC expression system from the multicopy plasmid, we were able to determine whether, in the absence of LLO, PC-PLC activity was required for cell-to-cell spread during infection of human epithelial cells. We first assessed the ability of LLO-negative, inducible PC-PLC bacteria to spread from cell to cell by using plaquing assays in the presence of different concentrations of IPTG. Strain DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) was grown in BHI broth culture for 2 h in the absence or presence of 1 mM IPTG to preinduce PC-PLC expression. These cultures were subsequently used for plaque formation assays in Henle 407 cells at various concentrations of IPTG. Strain DH-L735 showed a plaque size of 89% compared to DH-L683 (SLCC-5764 ⌬hly, pAMspacOid) in the presence of 1 mM IPTG. No further increase in plaque size was seen by increasing the inducer concentration to 10 mM IPTG. However, plaque sizes decreased to 70 and 31% when the concentration of IPTG was decreased to 0.1 and 0.01 mM IPTG, respectively. No visible plaques were formed in the complete absence of IPTG. This result demonstrated that in the absence of LLO, continuous high-level expression of PC-PLC is required for maximal cellto-cell spread in Henle 407 cells.
Next, we used strain DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) for a homologous Henle 407 to Henle 407 cell-tocell spreading assay to specifically investigate the effect of halting PC-PLC expression after lysis of primary vacuoles (Fig.  5) . Strain DH-L735 was grown in BHI broth for 2 h in the presence of 1 mM IPTG to preinduce PC-PLC production prior to infection of Henle 407 cells. The preinduced DH-L735 bacteria were then used to infect Henle 407 cells in the absence or presence of 1 mM IPTG. Using immunofluorescence microscopy, we confirmed that under these infection conditions preinduced DH-L735 bacteria were able to escape from primary vacuoles of Henle 407 cells even in the absence of added inducer during the infection (see Materials and Methods for experimental details). At 2 h postinfection, primary infected Henle 407 cells were collected and added to a secondary monolayer of Henle 407 cells in the presence or absence of IPTG. The ability of DH-L735 to spread from primary infected cells to cells in the secondary monolayer and then continue to spread from cell to cell in the secondary monolayer was determined by the formation of plaques in the secondary cell monolayer. Preinduced DH-L735 bacteria were only able to spread from cell to cell and form visible plaques in a monolayer of secondary Henle 407 cells when maintained in the presence of IPTG (Fig. 5C and D) . Secondary Henle 407 cell monolayers that were infected via primary Henle 407 cells containing preinduced DH-L735 bacteria did not result in plaque formation in the absence of IPTG (Fig. 5B) . Nonetheless, immunofluorescence microscopy indicated that equivalent numbers of infected primary Henle 407 cells were added to the secondary cell monolayer that received no IPTG during host cell infection 
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( Fig. 5B and C) . This result demonstrated that after lysis of primary vacuoles, LLO-negative L. monocytogenes bacteria can only spread from cell to cell to form visible plaques if PC-PLC is expressed. Immunofluorescence microscopy analysis indicated that preinduced DH-L735 bacteria are capable of initiating an infection in Henle 407 cells. Therefore, three likely explanations for the observed defect in cell-to-cell spread in the absence of continuous PC-PLC induction are: (i) bacteria are unable to grow within the host cell cytosol in the absence of PC-PLC activity; (ii) in the absence of PC-PLC activity bacteria can replicate within the host cell cytosol, but cannot spread to secondary host cells; or (iii) PC-PLC activity is required for lysis of double-membrane vacuoles formed during cell-to-cell spread. We infected Henle 407 cells on coverslips with preinduced DH-L735 (SLCC-5764 ⌬hly ⌬plcB, pAMiplcB) bacteria in the presence or absence of IPTG. At 24 h postinfection, coverslips were stained and analyzed by light microscopy (Fig.  6 ). In the presence of inducer, we observed extended foci of infected host cells (Fig. 6A) . In the absence of inducer, only the primary infected host cell contained numerous bacteria (Fig.  6B) . Some bacteria were observed in secondary neighboring cells, but no extended growth in these cells was seen (Fig. 6B) . Therefore, we speculate that in the absence of LLO, PC-PLC is required for lysis of double-membrane vacuoles formed during cell-to-cell spread in Henle 407 cells but is not required for bacterial replication or the actual spreading event into secondary Henle 407 cells.
DISCUSSION
After entry into host cells, L. monocytogenes must escape the phagocytic vacuole in order to replicate within the host cell cytosol. During intracellular infection, L. monocytogenes promotes its escape from two different vacuolar compartments: a single-membrane vacuole formed upon initial host cell entry and secondary double-membrane vacuoles formed during cellto-cell spread (39, 54) . L. monocytogenes secretes three known factors that interact with membranes: the pore-forming cytolysin LLO and the phospholipases PI-PLC and PC-PLC (8, 10, 16, 29, 53, 55) . Differences in the requirement of these determinants for vacuolar lysis have been described depending upon the host cell type infected (31, 44, 53) . In the present study, we further examined the requirement of the L. monocytogenes broad-range PLC, PC-PLC, during infection of human epithelial cells. We found that PC-PLC can promote lysis of primary vacuoles in several human-derived epithelial cell lines in the absence of LLO. However, relatively high levels of PC-PLC activity were necessary for lysis of primary vacuoles.
In the present study, we removed expression of PC-PLC from its native transcriptional control mechanism and placed the expression of PC-PLC under IPTG-inducible control. We observed stringent and IPTG dose-dependent production of PC-PLC when bacteria were grown in broth culture. Using inducible PC-PLC expression, we found that in the absence of LLO, continuous high-level expression of PC-PLC is required for optimal cell-to-cell spread within human epithelial cells. Our results indicated that, after escape from primary vacuoles, PC-PLC is not required for intracellular bacterial replication or to mediate spread into neighboring cells during infection of human epithelial cells but is necessary for lysis of secondary spreading vacuoles in the absence of LLO.
Previous studies have shown that in addition to all mousederived cells examined, LLO is required for primary vacuole lysis in several human-derived cells, including human umbilical vein endothelial cells and human brain microvascular endothelial cells (13, 23) . However, L. monocytogenes can escape from primary vacuoles in the absence of LLO during infection of the human-derived epithelial cell lines Henle 407, HEp-2, and HeLa; the human-derived fibroblast cell line WS1; and humanderived dendritic cells (24, 40, 42, 44) . Prior studies have shown that PC-PLC mediates the LLO-independent escape from primary vacuoles in Henle 407 cells (31) . Here, we have shown that PC-PLC is also required for lysis of primary vacuoles in HEp-2 and HeLa cells in the absence of LLO (Fig. 1) . Hence, we suggest that it may be a general occurrence that PC-PLC can promote vacuolar lysis in human epithelial cells. This observation raises several interesting questions and suggests that vacuoles of human epithelial cells differ from all murine cells evaluated. This difference may be due to differences in phospholipid composition, intravacuolar pH, or protein factors in the membrane or due to altered expression and/or activation of PC-PLC in some human cell vacuoles versus mouse cell vacuoles. The exact mechanism of action of both L. monocytogenes PLCs, PI-PLC and PC-PLC, is not well understood. The phospholipases may serve to degrade host cell membranes directly, or initial phospholipid degradation may initiate a chain of events to activate host cell activities that serve to degrade vacuolar membranes (20, 59) . However, it has been shown that both phospholipases must retain their enzymatic activity for their biological function in mouse-derived cells (1, 62) . Since PC-PLC acts on a broad range of substrates, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and sphingomyelin, it seems plausible that PC-PLC can actively disrupt vacuolar membranes and that this membranedamaging activity is sufficient to allow bacterial escape from Henle 407, HEp-2, and HeLa cell primary vacuoles (18, 21) . Previous studies have shown that amino acid substitutions altering the substrate specificity of PC-PLC without decreasing enzymatic activity had a negative effect on vacuolar lysis efficiency in Henle 407 cells (62) . Therefore, it was speculated that substrate specificity might be more important than the actual activity level of PC-PLC to achieve membrane lysis. However, our results strongly indicate that without changing substrate specificity, the amount of PC-PLC activity is important for . At 1 h after infection, the monolayers were washed, and serum-free medium containing 50 g of gentamicin/ml and 2 g of CellTracker Blue/ml was added to differentially label primary infected cells. At 1.5 h after infection, the monolayers were washed to remove excess CellTracker, and serum-containing medium supplemented with 50 g of gentamicin/ml was added. At 2 h postinfection, host cells were removed from dishes and counted, and 1,000 Henle 407 cells (primary CellTracker Blue labeled cells) were placed in duplicate on monolayers of uninfected, unlabeled Henle 407 cells in the presence of 1 mM IPTG (second infection). Alternatively, 5,000 primary Henle 407 cells were placed in duplicate on monolayers of secondary Henle 407 cells in the absence of IPTG. The number of primary Henle 407 cells that initially contained bacteria in the cytosol was determined microscopically as described in Materials and Methods and is noted next to each panel (infected cells/scan). For plaquing assays, monolayers were overlaid 2 h after primary infected cells were placed onto secondary cell monolayers with an agarose-medium mixture containing 10 g of gentamicin/ml with or without 1 mM IPTG. At 4 days after infection, a second overlay containing neutral red and 10 g of gentamicin/ml with or without 1 mM IPTG was added. Images of plaques were obtained after overnight incubation. The presence or absence of 1 mM IPTG during growth in BHI medium, primary cell infection, secondary cell infection, or the overlay is indicated above each panel.
bacterial escape from human epithelial cell primary vacuoles. We removed the expression of PC-PLC from the native PrfAregulated actA-plcB promoter and placed transcription of plcB under control of the IPTG-inducible SPAC/lacOid promoter/ operator on the chromosome of an LLO-, PC-PLC-negative 10403S-derived strain. Although we obtained similar PC-PLC activities from the inducible and the native promoter during growth in BHI medium (Fig. 2B) , only the strain that expressed PC-PLC from the native actA-plcB promoter was capable of escaping from Henle 407 cell primary vacuoles. These results suggest that in 10403S-derived strains, expression of PC-PLC from the native PrfA-regulated actA-plcB promoter is increased before or upon bacterial entry into host cells and that the resulting increased amount of PC-PLC activity is required for vacuolar lysis in Henle 407 cells in the absence of LLO. Indeed, we were able to complement PC-PLC activity for lysis of Henle 407 cell primary vacuoles after high-level expression of PC-PLC from the inducible SPAC/lacOid promoter on a high-copy-number plasmid ( Fig. 3 and 4) . We favor a model in which PC-PLC is actively degrading primary vacuoles of human epithelial cells, yet high levels of PC-PLC are required for membrane disruption.
The studies presented here and previous reports have indicated that transcription from the actA-plcB promoter is increased when bacteria are shifted from BHI medium to tissue culture medium (4, 6, 50) . Our results suggest that this increase (ϳ20-fold) yields expression levels of PC-PLC that are essential to allow bacterial escape from Henle 407 cell primary vacuoles in the absence of LLO. It would be interesting to determine directly the activation level of the actA-plcB promoter within primary vacuoles of human epithelial cells in comparison to mouse-derived cells or other cell lines in which PC-PLC activity is not sufficient to promote vacuolar lysis. We have attempted to address this question by using a previously described gus reporter gene fusion to the actA-plcB promoter (50). However, low infection efficiencies in human epithelial cells have hampered our ability to determine GUS activity values for bacteria specifically within primary vacuoles. However, preliminary results suggest that overexpression of PC-PLC cannot relieve the LLO requirement for vacuolar lysis in mouse-derived cells. Thus, the observed difference in the ability of PC-PLC to mediate vacuolar lysis in human epithelial cells may not be due solely to insufficient expression of PC-PLC in mouse cell primary vacuoles (A. Gründling and D. E. Higgins, unpublished results).
In the present study, we have provided evidence that an increase in PC-PLC activity is required to allow LLO-negative, 10403S-derived bacteria to escape from Henle 407 cell primary vacuoles. By placing expression of PC-PLC under dose-dependent IPTG control, we showed that PC-PLC activity can be increased by increasing expression of PC-PLC (Fig. 3B) . Furthermore, significantly higher PC-PLC activity was detected when plcB was transcribed from the inducible promoter in the SLCC-5764 (PrfA*) background strain than in the 10403S (PrfA) background strain (Fig. 2B, compare lanes 3 and 7) . We hypothesize that this increase in PC-PLC activity is due to PrfA-dependent posttranscriptional regulation, most likely at the level of proteolytic activation of proPC-PLC by Mpl. It has already been shown that transcription from the actA-plcB promoter increases upon bacterial entry into the cytosol of host cells (6, 15, 38, 50) . It is not clear at the moment whether the expression of Mpl is increased within host cells. Transcription of the mpl gene is not increased when bacteria are shifted from BHI to tissue culture medium (4). However, whole-genome transcriptome analysis has shown that transcription of mpl is regulated in a manner similar to that of many other PrfAregulated genes during growth in broth (37) . Furthermore, it has been shown that activation of PC-PLC is sensitive to bafilomycin A 1 , an inhibitor of the vacuolar proton pump ATPase required for acidification of vacuolar compartments (33) . In that study it was also observed that the increase in active PC-PLC at low pH is dependent on Mpl. Therefore, the increase in Mpl-dependent activation of PC-PLC coupled with an increase in PC-PLC expression within vacuoles leads to an amplification of PC-PLC activity in the compartment where phospholipase activity is needed most. Moreover, we were able to show that continuous high-level expression of PC-PLC is necessary for optimal cell-to-cell spread during infection of Henle 407 cells in the absence of LLO. The inducible PC-PLC expression system allowed us to shut off PC-PLC expression after initiating intracellular infection. Preinduced PC-PLC expressing bacteria were used to infect Henle 407 cells in the absence of inducer. Using microscopic analysis, we confirmed that preinduced bacteria were able to escape from primary vacuoles of Henle 407 cells ( Fig.  5 and 6 ). Substantial bacterial growth was seen in the primary infected host cell even without further induction of PC-PLC expression (Fig. 6) . However, phenotypically LLO-and PC-PLC-negative bacteria were not able to form extended foci of infection in monolayers of Henle 407 cells in the absence of continued PC-PLC induction (Fig. 6B) . These results are most consistent with the idea that PC-PLC is not required for growth within the host cell cytosol but is necessary for continued cell-to-cell spread. It has been reported that L. monocytogenes strains deleted for PI-PLC and PC-PLC show a decrease in intracellular growth rate after bacteria are microinjected directly into the host cell cytosol of Caco-2 cells (19) . Our results indicated that LLO-, PC-PLC-negative bacteria can grow efficiently within the cytosol of Henle 407 cells. However, we have not ruled out the possibility that PC-PLC activity is required for optimal intracellular bacterial replication. We plan to use green fluorescent protein-expressing L. monocytogenes strains, together with our inducible expression system and time-lapse video microscopy, to determine the contribution of the three membrane-active determinants for optimal intracellular bacterial replication. Our results are consistent with a model that, in the absence of LLO, PC-PLC is required for lysis of secondary double-membrane vacuoles in Henle 407 cells. Therefore, PI-PLC, the phosphatidylinositolspecific PLC, or other L. monocytogenes proteins are not sufficient to lyse Henle 407 cell spreading vacuoles in the absence of LLO or PC-PLC. We are now attempting to confirm by electron microscopy whether, after PC-PLC expression is shut off, LLO-, PC-PLC-negative bacteria are indeed trapped within spreading vacuoles after cell-to-cell spread.
In conclusion, slight differences in membrane composition may account for the observed differences in the requirement of LLO or PC-PLC for vacuolar lysis. These differences may also contribute to the susceptibility of different host species to infection by L. monocytogenes. Listeria ivanovii, a second pathogenic Listeria species, secretes, in addition to a pore-forming cytolysin and two PLCs, a sphingomyelinase C (SmcL) that has also been implicated in vacuolar lysis (22) . L. monocytogenes and L. ivanovii share many virulence properties but differ in their pathogenicities. Whereas L. monocytogenes causes infections in a wide range of animals, L. ivanovii predominantly infects ruminants, especially sheep. It is intriguing to speculate that the occurrence of a sphingomyelinase might be an adaptation to the primary host of L. ivanovii since there is an increased sphingomyelin/phosphatidylcholine ratio in membranes of ruminants compared to humans and rodents (57) .
